In satellite communication system, antenna plays an important role. Therefore, the antenna must meet some requirements, such as high gain, circular polarization, and good directivity. In this paper, a four element linear array triangular patch microstrip antenna with cross slot is designed to be used for Quasi-Zenith satellite system. A simulation study as well as experimental study was carried out. The simulation showed that the 3 dB axial ratio bandwidth of 87 MHz (2.569-2.656 GHz) is achieved while the measured results showed 96 MHz (2.556-2.652 GHz). The linear array of 4 element antenna has a gain of 13.73 dB and maximum radiation pattern at 40° and -40°. Simulation and experiment results show that this antenna has met the characteristic requirements of Quasi-Zenith satellite.
Introduction
The Quasi-Zenith satellite system consists of three satellites orbiting at an altitude of 35,800 km above the Earth's surface as geosynchronous satellite. These satellites orbit form a figure of eight, which passes through the space above Japan to Australia and passes through the eastern part of Indonesia as shown in Figure  1 . According to the plan, these satellites are used for the purpose of regional mapping position, communications, and broadcasting. These satellites operate at frequency 2.605 to 2.63 GHz [1] . When the satellites orbit crosses the eastern part of Indonesia, the elevation angle between western part of Indonesia and the satellite is 40 o -50°.
In order to communicate with the satellite, the antenna at the ground station should have high gain characteristics due to the far distance between earth to the satellites. In addition, the antenna must have circular polarization characteristics, because the electromagnetic waves propagating through the ionosphere is affected by Faraday rotation. In addition, the antenna on the ground station does not have a fixed position because it can be employed on top of cars [1] [2] . To excite high gain and directivity, array techniques is one solution [2] . To achieve circular polarization, crossslot technique is used [3] [4] . This paper proposed a four element antenna array modified from [5] and [6] to increase the antenna gain.
Experiment
Antenna Design. Before designing the antenna array, the single element antenna is designed first as an element of the array antenna. The single element antenna is designed using a triangular patch shape with cross slot to excite circular polarization. Triangular shape patches are chosen due to smaller size compared to rectangular patch shape [7] . The feeding technique of this antenna is direct microstrip line. This feeding technique is chosen because this technique is more easy for the fabrication process.
The design is conducted using Taconic substrate TLY 5 0620 CH-CH which has a relative dielectric permitivitty (ε r ) 2.2, dielectric substrate thickness (h) 1.57 mm, dielectric loss tangent (tan δ) 0.0009 and copper conductivity 5.8 x 10 7 S/m.
Based on [5] , the length of the triangle patch antenna required to work at frequency 2.61 GHz is given by Equation 1. However, based on [4] , with using the cross slot, the length of the triangle can be reduced. Based on simulation results using the method of moments, the optimal length of the triangle is a = 46 mm. This means there is a reduction of 20.71% of the patch area between triangle patch and triangle patch with cross slot inserted in it.The cross slot shape used is modified from [3] . The shape and size of the slot is illustrated in Figure 2 .
To determine the cross slot, the length ly must be longer than lx in order to produce a good circular polarization bandwidth. This slot is placed at the center of the triangle. Besides designing the cross slot, the placement of the microstrip feed line plays an important role in designing circular polarization characteristic. According to [5] , the feed line position should be placed on specific loci to excite circular polarization as shown in Figure 3 . The placement of the specific loci is shown as Γ 1 , Γ 2 , Γ 3 and Γ 4 . To achieve impedance matching, transformation quarter lamda (λ/4) is used, which can be calculated using Equation 2.
Z T is the impedance transformation to achieve matching conditions on the transmission line, Z 1 is the characteristic impedance and Z 3 is the impedance load. Equation 2 is used for power divider and transmission line to design the feed line fot the antenna array.
This single element is arrayed to four element linear array. The distance between the elements (d) is 57.5 mm. To produce radiation patterns with maximum direction towards 40 o -50 o , the phase difference (β) plays an important role. In implementation, the phase difference is generated by adjusting the length of the microstrip feed line.The results of the final design of the antenna can be seen in Figure 4 .
Results and Discussion
Simulation and measurement results of the final design of the antenna array is shown in Figure 5 to Figure 8 and is summarized in Table 1 . Antenna parameters are measured in anechoic chamber in the department of electrical engineering UI. From Figure 5 , it shows that the simulated VSWR ≤ 2 impedance bandwidth of the antenna is from 2.59 GHz to 2.63 GHz with resonant frequency at 2.61 GHz, while the measured VSWR ≤ 2 impedance bandwidth of antenna is from 2.6 GHz to 2.63 GHz. This reflects that although there is a slight difference between simulation and measurement results, however the results still fulfill the required specification for Quasi-Zenith satellite system. Furthermore, Figure 7 shows the circular polarization bandwidth achieved from standard axial ratio ≤ 3 dB is from 2. Overall, the beam form of the main lobe of this antenna shows very similar beam form between simulation and measurement results. Both main lobes of the antenna is directed towards the angle 40° and -40° (320°). This radiation pattern meets the criteria given by MPHPT, which is the elevation angle of about 40 o -50° of the position of the satellite orbit towards the western part of Indonesia. The result which shows that the main beam direction of the antenna is towards 40° proves that the array technique used in this design can arrange the radiation pattern of the antenna as desired.
Moreover, the result depicted in Fig. 9 shows the measured antenna gain for frequencies in the antenna bandwidth characteristics. The maximum antenna gain measured is 13.86 dB at frequency 2.68 GHz. For frequency 2.61 GHz, the antenna gain is 13.73 dB. The high gain achieved by this antenna is due to the use of the array technique and the cross slot. The gain results from simulation can not be obtained because the limitation of the simulator used in this work.
The comparisons between simulation and measurement results are shown in Table 1 Both simulation and measurements results show similar results. The slight difference is caused by imperfection of fabrication process and the simulator used in this work. The simulator used is using method of moments (MoM) which has limitation in creating radiation pattern and exciting antenna gain.
In addition, the antenna gain measurements have been compared between single element and with four elements as shown in Fig. 10 . It can be observed between single element with four elements linear array that the single element has gain to only 6.77 dB while the 4 element linear array has increased the antenna gain to 13.73 dB.
Conclusion
A microstrip patch antenna array consisting of four linear triangular elements with a cross slot has been successfully simulated and fabricated. The cross slot on the patch and the position of the feed line can generate circular polarization. Moreover, the cross slot can reduce the size of the patch area upto 20.71%. The measured impedance bandwidth is 31 MHz, (2.6 to 2.631 GHz). The measured circular polarization bandwidth is 96 MHz (2.556 to 2.652 GHz). The antenna gain is 13.73 dB at the working frequency. All antenna parameters measured is in compliance with the requirements of the Quasi-Zenith Satellite.
